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Abstract—To obtain mutant strains producing high levels of cellulases (FPase and CMCase) and S-glucosidase, Tiicho-
derma reesei KCTC 6950 was mutated by proton beam irradiation. Five mutants were selected out of 1,000 mutants
of Treesei treated with proton beam irradiation, based on their ability for enzyme production on a plate screening me-
dium. In submerged cultures containing Mandel’s fermentation medium, the mutant strain T-2 (MT-2) demonstrated
a 165% increase in the activity of FPase, a 146% increase in the activity of CMCase, and a 313% increase in the activity
of Bglucosidase, compared with the wild type strain. Additionally, the properties of high level Sglucosidase produced
by MT-2 were the same as those of the wild type strain, e.g., an optimum pH of 4.8, and an optimum temperature of
65 °C. Moreover, the protein concentrations of S~glucosidase produced by the wild type strain and MT-2 were measured
by SDS-PAGE, and then f~glucosidase activities were detected by the MUG-zymogram assay.
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INTRODUCTION

Bioconversion of lignocellulosic biomass, such as agricultural
wastes and woody biomass, to ethanol has been extensively stud-
ied in the field of bioenergy [1]. When lignocellulosic biomass is
converted to ethanol, the cost of enzymes accounts for a large portion
of the entire project cost [2,3]. The term “cellulase” broadly refers
to enzymes that catalyze the hydrolysis of the £1,4-glucosidic bonds
joining individual glucose units in the cellulose polymer [4]. Cellu-
lase production is one of the important processes for the successful
enzymatic conversion of cellulosic biomass to ethanol [5,6]. The
cellulase complex secreted by filamentous fungi consists of three
major enzyme components, endo-1,4-S-glucanases (EC 3.2.1.4),
1,4-D-cellobihydrolases (EC 3.2.1.91), and 1,4-fglusosidases
(EC 3.2.1.21), which act synergistically during the conversion of
cellulose to glucose [7,8]. Various endo-1,4-S-glucanases act ran-
domly along the cellulose chains, thus producing cellulose frag-
ments. 1,4-D-cellobihydrolase, which acts as an exoglucanase,
releases cellobiose as the main product; then, 1,4-Aglusosidase hy-
drolyzes cellobiose to glucose [9].

Among the filamentous fungi, Trichoderma species have been
especially famous for producing cellulolytic enzymes with relatively
high enzymatic activity [10,11]. However, they showed very low
levels of fglucosidase activity, which results in decreased hydrol-
ysis rates of glucose from cellulose, due to product inhibition of the
endo-1,4-S-glucanases and 1,4-4-D-cellobihydrolases by cellobiose
accumulation [12,13]. To overcome the problems of S-glucosidase
being rate limiting in the production of glucose from cellulose when
using cellulase produced by a filamentous fungi, many researchers
have reported that 7" reesei was transformed by mutation to pro-
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duce cellulolytic enzymes with higher specific activity and greater
efficiency [14]. Recently, proton beam irradiation has emerged as a
new mutation method due to its characteristic high local energy,
comparable to beams of X-rays, gamma-rays and electrons [15,16].
To improve the production of both the cellulases and S-glucosidase
by T reesei, mutants were obtained by proton beam irradiation.

In this study, 7. reesei KCTC 6950 was mutated by proton beam
irradiation to obtain improved strains capable of producing high
levels of cellulases and Aglucosidase for efficient saccharification.
The mutant strains were investigated for enzyme production, clear
hydrolysis zone, and growth rate. In addition, the pH and tempera-
ture properties of S-glucosidase produced by the wild type strain
and MT-2 were characterized. Moreover, the amount of S-glucosi-
dase excreted by the wild type strain and MT-2 was measured by
SDS-PAGE, and then detected by the MUG-zymogram assay.

MATERIALS AND METHODS

1. Microorganisms

The wild type strain used as the control was Trichodema reesei
6950 obtained from the Biological Resource Center/KCTC (Seoul,
Korea). The fungus was maintained on potato dextrose agar (PDA)
plates at 28 °C for 7-10 days, and stored at 4 °C when spores were
formed.
2. Mutagenesis and Plate Screening Methodology

The proton beam (MC-50 Cyclotron) was irradiated at the Korea
Cancer Center Hospital (KCCH, Seoul, Korea). For proton beam-
mutagenesis, the spores from a one-week-old PDA slant were sus-
pended in 30 ml of sterile water containing 0.2% Tween 80. The
spore concentration was determined by counting with a Biirker count-
ing chamber, and a suspension containing 5% 10® spores/ml was treated
by proton beam irradiation. The spore suspensions were exposed
to proton beam irradiation (doses of 0.3- 3.0-kGy doses) at a beam
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energy of 45 MeV, and a spore survival rate of 0.01% was later de-
termined. Surviving spores were incubated at 30 °C for three days
on the plate-screening medium. The plate-screening medium for
selection of hypercellulolytic mutants contained Mandel’s mineral
salts solution, with the addition of 0.2% carboxymethylcellulose
(CMC) sodium salt, 1.7% agar, 0.1% Triton X-100, and 0.4% L-
sorbose as colony restrictors [17]. Hypercellulolytic mutants were
selected using Gram’s iodine solution on the basis of clearing zones
around the cellulase-producing colonies (clearing zone ratio: clear-
ing zone diameter/colony diameter) [18]. These mutant strains were
transferred to PDA plate agar media and later used for determining
their cellulase production abilities.
3. Culture Conditions and Enzyme Production

The production of enzymes was induced in submerged cultures
of the wild type and mutant strains. A 10 mm agar plug taken from
a seven-day-old PDA culture was inoculated into a 250 ml Erlen-
meyer flasks containing 100 ml inoculum medium [19]. The initial
pH was adjusted to 5.5 by addition of 10% (v/v) H,SO,. Inoculum
was incubated at 30 °C and 150 rpm for three days, and then used
to inoculate the fermentation media. For fermentation preparation,
10 ml of inoculum was used to initiate growth in 250 ml Erlenm-
eyer flasks containing 100 ml Mandel’s fermentation medium. This
medium contained Mandel’s mineral salts solution with the addi-
tion 10 g L™" microcrystalline cellulose as a carbon source, and the
pH was adjusted to 4.8. Enzyme production was continued for seven
days at 30 °C, and samples were centrifuged (13,000 g, for 10 min
at 4 °C) to remove solids. The superatants were assessed for cellu-
lase activity and protein concentration.
4. Enzyme Assays

Cellulases (FPase and CMCase) and fglucosidase activities were
determined in the supernatant samples collected after one to seven
days culture. The filter paper (FPase) activity was measured as inter-
national units (IU). It was assayed by a modification of the method
[20], as follows: 1.0 ml of 0.05 M citrate buffer (pH 4.8) was added
to test tubes containing 1.0 ml of diluted enzyme solution and 50 mg
of filter paper (Whatman No. 1. 1x6 cm). The reaction mixture was
incubated at 50 °C for 60 min and 3 ml of dinitrosalicylic acid (DNS)
reagent was added to stop the reaction. The tubes were transferred
to 100 °C boiling water for 5 min, followed by addition of 10 ml of
distilled water. The contents of the tubes were mixed and the color
formed was read in a spectrophotometer at 575 nm. The endoglu-
canase (CMCase) activity was determined using CMC as the sub-
strate, as follows: 1.0 ml of 1.0% CMC solution was incubated with
0.5 ml of diluted enzyme solution, diluted with 0.05 M citrate buffer
(pH 4.8) at 50 °C for 30 min. Then, 3 ml of DNS reagent was added
and the solution was boiled at 100°C for 5 min. Finally, 10 ml dis-
tilled water was added and the absorbance was measured at 575
nm. The Sglucosidase activity was assayed in 1 ml of a reaction
mixture containing 0.1 ml of diluted enzyme solution and 0.9 ml
of 1 mM p-nitrophenyl-#D-glucopyranoside (pNPG) in 0.05 M
citrate buffer (pH 4.8) at 50 °C for 30 min. After the incubation, 1 ml
of 1 M Na,CO, solution was added to the mixture and allowed to
develop color. Then, 10 ml of distilled water was added and the re-
lease of p-nitrophenol was determined at 400 nm. At all dosages,
1 unit of activity was the amount of enzyme required to release 1 pumol
glucose (DNS procedure) or p-nitrophenol per min under the condi-
tions of the assay. Protein concentration was measured by the Brad-
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ford method with bovine serum albumin (BSA) as a standard [21].
5. Characteristics of #Glucosidase

The optimum pH was evaluated by measuring the fglucosidase
activities of wild type and mutant strain at the optimum culture time
(five days) with pNPG as the substrate at 50 °C and various pHs.
The buffers used were 0.05 M citrate buffer (pH 3.0-6.0), and phos-
phate buffer (pH 6.0-8.0). The optimum temperature was evaluated
by measuring the Aglucosidase activities of the wild type and mutant
strain at the optimum culture time and pH, at different temperatures
(30-80 °C), with pNPG as the substrate. The thermotolerance of
glucosidase was determined at the optimum culture time, pH, and
temperature with pNPG as the substrate, after incubating the enzymes
at different temperatures (30-80 °C) for both 30 and 60 min.
6. Protein Electrophoresis and Zymogram Assay

The crude enzyme preparation was concentrated by a centrifugal
vacuum concentrator using the supernatant from a culture grown
for five days. The crude enzyme was examined by SDS-PAGE as
previously described [22]. For zymogram analysis, the samples were
mixed with Laemmli’s sample buffer and analyzed using an 8%
(W/v) polyacrylamide gel without heat denaturation. Following SDS-
PAGE, the gel was immersed in a solution containing 1 mM 4-methy-
lumbelliferyl-#D-glucoside (MUG), 0.05 M citrate buffer (pH 4.8),
and 1% Triton X-100 solution for 30 min at 50 °C [23,24]. Enzyme
activity within the gels was detected by the appearance of fluores-
cent bands that were visualized under shortwave UV light illumi-
nation, and photographs were acquired using an imaging GEL DOC
system (Bio-Rad, U.K).

RESULTS AND DISCUSSION

1. Mutagenesis of Trichoderma reesei by Proton Beam Irradi-
ation

The wild type T reesei spores were exposed to 0.3 to 3.0 kGy doses
of proton beam irradiation at a beam energy of 45 MeV. Afier irradia-
tion treatment, the survival curve demonstrated a 0.01% survival
rate of T reesei spores at a dose of 1.5 kGy (Fig. 1). Initially, the
survival rate decreased slightly with increased proton beam irradia-
tion starting from a dose of 0.3 kGy, but then sharply decreased when
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Fig. 1. Survival rate curve of Trichoderma reesei after proton beam
irradiation.
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the dose was increased from 0.3 to 0.6 kGy. Later, the survival rate
was decreased as the dose increased. It was reported that the degree
of mutagenesis is a critical factor, affecting how small a dose of ra-
diation will be needed to increase the rate of mutagenesis and how
large a dose will cause cell death. Small mutant dosage will not suf-
ficiently increase the frequency of mutants, but over dosage of mutant
will cause cell death [25]. Consequently, the suitable dose for proton
beam irradiation was found to be 1.5 kGy, and the 0.01% surviv-
ing spores were spread on the plate-screening medium for selec-
tion of hypercellulolytic mutants producing three major enzymes
(FPase, CMCase, and S-glucosidase).
2. Enzyme Activity of 1. reesei Mutants

After mutagenesis, qualitative screening of mutants was conducted
based on the diameter of the clearing zone surrounding the colony
on the plate-screening medium. Five mutants were isolated based
on enzyme production ability on the plate-screening medium, and
were designated as mutant strains T-1 to T-5 (MT-1 to MT-5). The
wild type and mutant strains were cultured in shake flasks contain-
ing Mandel’s fermentation medium at 30°C for five days. As shown
in Table 1, in spite of the qualitative screening diameter of the clearing
zone on the plate-screening medium, the two mutants (MT-3 and
MT-5) had low cellulase (FPase and CMCase) activities in com-
parison to the differences found in the high activity of the Aglucosi-
dase compared to the wild type strain. By contrast, the mutant strain
MT-1 and MT-4 produced high activities of the cellulases (FPase
and CMCase), but Sglucosidase activities were decreased, com-
pared with wild type strain. Interestingly, this result shows the in-
fluence of the Aglucosidase, in that the clearing zone ratio of the
two mutants (MT-3 and MT-5) having high level production of
glucosidase were enhanced more than the MT-1 and MT4 having
low level production of Aglucosidase. These results suggest that
the production of significantly increased levels of S-glucosidase
was insensitive to catabolite repression by glucose in the cellulolytic
system [26]. Particularly, MT-2 showed a ~165% increased activ-
ity of FPase (0.61 TU ml™), 146% increased activity of CMCase
(2.74TU ml™), and 313% increased activity of Sglucosidase (0.25
IU ml™) compared to the wild type strain. Also, the ratio of hydrol-

Fig. 2. Clearance zones of wild type and mutant strain T-2 (MT-2)
on the plate-screening medium. The plate was incubated
at 30 °C for 3 days, and then stained using Gram’s iodine
solution.

ysis halo diameter and growth rate by MT-2 was enhanced more
than that of the wild type strain (Fig. 2). Therefore, MT-2 was selected
because of its enhanced enzyme production, clear hydrolysis zone,
and rapid growth on the plate-screening medium.
2-1. Time Course of Enzyme Production by Mutant Strain T-2 (M1-2)
The MT-2 demonstrated increased activities of cellulases (FPase
and CMCase) and Sglucosidase at all intervals of culture time, as
compared with the wild type strain (Figs. 3(a), (b), and (¢)). It is
evident that the highest activities of enzyme were obtained after
five days of fermentation. Both cellulases and Aglucosidase activ-
ity were significantly decreased after six days. It may be attributed

Table 1. Comparison of enzyme production from wild type and mutant strains

FPase CMCase F-Glucosidase
Strains ZELC ::;ii En.zyfn.le Increased En.zyfrpe Increased En.Z}fme Increased Protein C—Olnc.
activities .. activities .. activities .. (ngml™)
(U ml) activity (%) (U ml") activity (%) (U ml") activity (%)

Wild type strain 1.35 0.37+0.03 100 1.88+0.05 100 0.08+0.01 100 3.86+0.05
MT-1 1.36 0.38+0.04 102 1.90+0.04 101 0.07+0.03 - ND
MT-2 1.74 0.61+£0.05 165 2.74+0.02 146 0.25+0.02 313 4.69+0.02
MT-3 1.48 0.30+0.04 - 1.78+0.04 - 0.11£0.02 138 ND
MT-4 1.38 0.41+0.04 111 1.91+£0.04 102 0.06+0.03 - ND
MT-5 1.52 0.33+£0.03 - 1.81£0.02 - 0.16£0.05 200 ND

*Data for enzyme activity are showed as mean+standard deviation (SD)

*ND means data not shown and “—" means not increased

*Clearing zone ratio of wild type and mutant strains (MT-1 to MT-5) was investigated on the plate-screening medium, which was incu-

bated at 30 °C for 3 days

*The 3 major enzyme (FPase, CMCase, and fglucosidase) activities and protein concentrations of wild type and mutant strains (MT-1
to MT-5) were measured using supernatant that was incubated for 5 days in the Mandel’s fermentation medium

Korean J. Chem. Eng.(Vol. 29, No. 7)
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Fig. 3. Growth and production of cellulases and /glucosidase by wild type and mutant strain T-2 (MT-2). Cultures were grown in Mandels
fermentation medium with the addition of 1% microcrystalline cellulose/L, at 30 °C in a shaking incubator.

to the substrate consumption. Another important reason could be
the catabolite repression caused by cellobiose accumulation as /-
glucosidase productivity is reduced [27]. In addition, the specific
activities of three major enzymes produced by MT-2 were also in-
creased concomitant with increasing protein levels, as seen in Fig,
3(d), (e), and (f). Total protein concentration was determined by
the Bradford method (Table 1). It was reported that the increased
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protein production resulting from mutation was correlated with en-
hanced enzyme production [28]. Notably, the MT-2 produced a high
level of S-glucosidase as compared to the other two types of enzymes.
According to He et al. [1], it could be assumed that the results with
MT-2 may imply a change occurred in the enzymatic properties or
production yield of Fglucosidase. Thus, the Aglucosidase was inves-
tigated for pH and temperature properties.
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Fig. 4. Characterization of Sglucosidase of wild type and mutant
strain T-2 (MT-2) cultured in Mandel’s fermentation me-
dium. (a) Optimum pH for the activity of S-glucosidase. pH
profile was determined at 50 °C for 20 min using 0.05 M cit-
rate buffer (pH 3.0-6.0) and 0.05 M phosphate buffer (pH
6.0-8.0). (b) Optimum temperature for the activity of Sglu-
cosidase. Temperature profile was determined for 20 min
in 0.05 M citrate buffer at pH 4.8, and varying temperatures
(reaction temperatures 30-80 °C).

3. Characteristics of fGlucosidase by Mutant Strain T-2 (MT-
2)

To investigate the enzymatic properties or production yield of A
glucosidase, we studied the S-glucosidase excreted by wild type
and mutant strain T-2 (MT-2), which were cultured for five days in
Mandel’s fermentation medium. The optimum pH and tempera-
ture of both wild type strain and mutant Sglucosidase were deter-
mined to be pH 4.8 and 65 °C, respectively (Figs. 4(a) and (b)). The
characteristics of the Aglucosidase produced by MT-2 were similar
to those of the wild type strain. However, the fglucosidase activity
by MT-2 was 313% higher than that of wild type strain. These re-
sults demonstrate that the production of Aglucosidase was increased
by MT-2, but the properties of the enzyme were not changed.

4. Analysis of SGlucosidase Activity using Zymogram

The components of the cellulolytic systems of the wild type and

(a) (b)

<4 B-Glucosidase

34

Fig. 5. Identification of Sglucosidase of wild type (WT) and mutant
strain T-2 (MT-2) by the MUG-zymogram assay. Proteins
separated in SDS-PAGE were from wild type and MT-2,
(Lanes 1 and 3) and (Lanes 2 and 4), respectively. Proteins
were stained with Coomassie blue R-250 (left panel) and
enzyme activities were detected by the zymogram assay
(right panel). Mw is molecular weight standard in kDa.

mutant strain T-2 (MT-2) were detected by SDS-PAGE (8% wiv,
polyacrylamide gel) performed using the supernatant of a five day
culture. As shown in Fig,. 5(a), the protein pattern of multi-enzyme
complex excreted by the wild type strain and the MT-2 was similar,
but the total protein bands of cellulase complex in the MT-2 after
proton beam irradiation were much more distinct than those of the
wild type strain. The similarity of the cellulase complexes from the
wild type and MT-2 suggests that the mutations may not affect the
cellulase genes directly, but are perhaps more likely to affect factors
that control the synthesis and secretion of the cellulase protein [29].
Therefore, glucosidase activity was determined by the MUG-zymo-
gram assay [Fig. 5(b)]. The zymographic analysis of the correspond-
ing band exhibited Fglucosidase activity as fluorescence under UV
light, after staining with MUG. A slightly smeared band showing
the Sglucosidase activity excreted by MT-2 was detected at 43-
55 kDa, but the Sglucosidase excreted by the wild type strain was
not observed on the zymogram due to insignificant amounts. These
results demonstrate that MT-2 secreted levels of Fglucosidase that
were 313% higher than that secreted by the wild type strain. There-
fore, the high activity of S-glucosidase produced by mutant strain
T-2 (MT-2) enhanced the conversion of cellulose to glucose [30].

CONCLUSIONS

The wild type of T reesei KCTC 6950 was mutated by proton beam
irradiation to enhance the activation of enzymes (Fpase, CMCase
and SAglucosidase). Most of the cellulolytic strains of Tiichoderma
described in the literature are deficient in the production of fglucosi-
dase. The absence of fglucosidase represents a large hurdle in the
commercialization of converting cellulose to glucose and other solu-
ble fermentable sugars for the production of ethanol and other prod-
ucts. In this study, a mutant strain T-2 (MT-2) was developed and
demonstrated a high production of fglucosidase, which can lower

Korean J. Chem. Eng.(Vol. 29, No. 7)
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the limitations produced by end-products with the two other kinds
of enzymes. Therefore, the use of fglucosidase produced by MT-
2 could be advantageous for improving the efficiency of cellulosic
bioconversion during bioethanol production.
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